A wireless charging station (WCS) transfers energy wirelessly to mobile nodes within its charging region. This paper investigates the impact of node speed on the throughput of WCS overlaid mobile networks when packet transmissions are constrained by the energy status of each node. The energy provision for each node depends on its moving speed. A slow-moving node outside the charging region is unable to receive energy from WCSs for a long time, while one inside the charging region consistently recharges the battery. Reflecting on these phenomena, we design a two-dimensional Markov chain, where the states respectively represent the remaining energy and the distance to the nearest WCS. Solving this enables the following theoretic insights. Firstly, the throughput is a non-decreasing function of node speed. With faster node speed, the throughput converges to that of the independent and identically distributed (i.i.d.) mobility model where nodes can move anywhere without being restricted by their previous positions. Secondly, if the battery capacity of each node is infinite, the throughput is equivalent to that of the i.i.d. mobility model regardless of node speed. Finally, the throughput scaling is calculated as Θ min 1, 
I. INTRODUCTION

A. Motivation
Wireless mobile devices are currently pervasive, and the number of devices is expected to increase when wearable and internet-of-things (IoT) devices emerge in the near future. This tendency has resulted in a very high and frequent energy demand that cannot be accommodated by the existing wired charging technologies. Faced with this energy supply problem, wireless power transfer (WPT) is recognized as a viable solution [1] . A node 1 can recharge its battery without plugs or wires if there is an apparatus able to perform WPT, known as a wireless charging station (WCS).
This paper deals with the throughput of the energy-constrained mobile network, where mobile devices can recharge their batteries via deployed WCSs. When WCSs deliver energy, they adopt magnetic resonance coupling [2] in which the efficiency is high within a few meters:
approximately 90% at 1 meter and 45% at 2 meters. Such high efficiency depends on the alignment between transmitter and receiver. Several practical adaptive alignment techniques have been proposed, e.g., frequency matching [3] , impedance matching [4] , [5] and resonant isolation [6] . These enable recharging of not only stationary, but also mobile devices [7] .
Whether or not a node can receive energy depends on its moving speed. A node is allowed to recharge its battery only when it is located near a WCS, known as a charging region. When a node moves slowly, it remains in the charging region of the WCS and continuously receives energy. Once it is out of the region, on the other hand, it takes a long time to recharge energy again. Figure 1 shows a graphical illustration of the effect of node speed. Some nodes consistently receive energy from WCSs, while others suffer from a lack of energy supply. This phenomenon creates an irregular energy provision, impacting the throughput because packet transmissions are constrained by the energy status of each node.
B. Energy Provision via Wireless Power Transfer
There are several studies on WPT-aided energy provision in wireless networks [8] - [14] . In [8] and [9] , Xie et al. proposed a wireless charging vehicle (WCV) that visits all nodes periodically to recharge the battery and found an optimal travel path to avoid battery depletion. The authors Fig. 1 . The pattern of wireless charging when node speed is slow. When a node is in the charging region of the WCS, it continuously receives energy from the WCS. Once a node is out of the charging region, on the other hand, it takes a long time to receive energy from the WCS.
of [10] introduced a Qi-ferry, which is similar to a WCV except that Qi-ferry consumes its own residual energy to move. A longer travel distance of Qi-ferry recharges more nodes but accelerates energy depletion. They optimized the Qi-ferry travel path based on the above tradeoff. In [11] , the authors proposed collaborative mobile charging where WCVs are allowed to charge each other in order to extend their charging coverage. These papers [8] - [11] assume that WPT-enabled mobile devices have full knowledge of location information for all rechargeable nodes; however, this is not actually estimated in mobile environments.
In [12] , Huang analyzed the performance of an energy-constrained mobile network assuming the energy arrival process of each node as an independent and identically distributed (i.i.d.)
sequence, which is relevant when many WCSs are employed and the moving speed of each node is fast. In [13] , He et al. derived a necessary condition of the number of WCSs needed to continue the operation of each node. However, this condition does not reflect some practical aspects such as node speed or battery capacity, influencing the process of energy arrival. In 
C. Contributions and Organization
To investigate the impact of node speed on energy provision and corresponding throughput, we develop a new framework using a two-dimensional Markov chain. Its horizontal and vertical state dimensions respectively represent the remaining energy and the distance to the nearest WCS.
We derive its steady-state probabilities and express throughput as a function of node speed. The main contributions of this paper are summarized below.
• Higher node speed reduces the frequency of lengthy inter-meeting times between a node and a WCS and eventually improves the throughput. The inter-meeting time is interpreted as an energy-starving duration. We explain the phenomenon through the stochastic distribution of the inter-meeting time in Proposition 1.
• A slow-moving node stays in the charging region for a long time. It saves enough energy to endure a lengthy inter-meeting time if its battery capacity, the maximum amount of energy stored in the battery, is large enough. In Proposition 2, we show that a slow-moving node achieves the same throughput performance as a fast moving one when the battery capacity becomes infinite.
• In Proposition 3, we show that the throughput scaling is calculated as Θ min 1,
where n and m respectively denote the number of nodes and WCSs, and c is a constant (0 < c < 1). As the network becomes denser, the throughput solely depends on the ratio m n and becomes independent of node speed unless nodes are stationary.
The approach in this paper is similar to that of [15] as both apply a Markov chain to model an energy-constrained mobile network. Our previous work [15] assumes that nodes follow the i.i.d. mobility model and move without being restricted by previous locations. This enables us to include only the residual energy status as a Markov chain state. On the other hand, our current work focuses on finite node speed, which limits node movement within a restricted area. In other words, the current node location depends on the previous one. Therefore, we should express not only the residual energy, but also the location information of a node when designing a Markov chain model. Our paper illustrates that the throughput under the i.i.d. mobility model in [15] is an upper bound of that under the finite node speed. This upper bound is achievable when i) node speed becomes faster, ii) battery capacity becomes larger or iii) node density increases.
The rest of this paper is organized as follows. In Section II, we explain our models and metrics.
In Section III, we introduce a two-dimensional Markov chain design and derive its steady-state probabilities that are a function of throughput. In Section IV, we investigate the impact of node speed on throughput in terms of battery capacity and node density. Finally, we conclude this paper in Section V.
II. MODELS AND METRICS
A. Network Description
Consider a wireless random network where n nodes are randomly located in an area of size √ S × √ S square meters. Time is divided into equal length slots, in which each node randomly changes its direction and moves at a speed of v (meter/time slot). Therefore, we have
where X i (t) is the location of node i at time slot t.
The number of m WCSs recharges nodes via magnetic resonance coupling. The number of charged units of energy sent to a node within a time slot depends on the distance to the node.
Let Y j (t) denote the location of WCS j at time t. The distance between node i and WCS j becomes X i (t) − Y j (t) , and the charged units of energy υ (
where R y = {x: E · τ (x) = y} and τ (x) denote the energy transfer efficiency, which is a decreasing function of distance x (0 ≤ x ≤ 1). Define the charging range as the maximum distance where a node can receive at least one unit of energy from a WCS. According to (2) , the charging range is R 1 . We assume the use of a perfect alignment technique between a WCS and a node, and the above recharging efficiency is independent of node speed v.
The WCS can charge up to u nodes at a time [16] . When there are more than u nodes within the charging region, WCS randomly selects u nodes among them. The maximum battery capacity of each node is set to L units of energy. Even though the sum of the residual and recharged units of energy exceeds L units of energy, a node saves at most L units of energy only, and the remaining is expelled.
B. Throughput of the Energy-Constrained Mobile Network
A node can transmit its packet to a neighbor node within transmission range r. According to the protocol model [18] , the packet is successfully delivered from node i to node j when the distances between node j and the other transmitting nodes are no less than r. In our analysis,
we set the transmission range r to the average distance to the nearest node in the area:
where
A pair of source and destination nodes is determined randomly. Unless they are within the transmission range r, a packet should be delivered via a relay node. In this paper, the relay policy follows the two-phase routing [17] :
• Mode switch. In each time slot, a node becomes a transmitter or a receiver with probability q or 1 − q, respectively.
• Phase 1. In odd time slots, assume that node i becomes a transmitter. If there is at least one receiver within transmission range r, node i forwards its packet to one of them. This receiver node can be the destination of node i.
• Phase 2. In even time slots, assume that node i becomes a receiver. If there is at least one transmitter within transmission range r and one of them has a packet whose destination is node i, it forwards the packet to node i. This transmitter can be the source of node i.
In [17] , the throughput of two-phase routing is defined as follows.
be the number of node i packets that its corresponding destination node receives during t time slots. A long-term per node throughput of Λ is feasible for every S-D pair if
7 one unit of energy. We define the active probability P on as the probability that a node is active.
Since only an active node can transmit a packet, the throughput Λ is a function of P on . In [15] , we expressed Λ in terms of P on as follows:
where q is the mode switch probability.
III. STOCHASTIC MODELING OF MOBILE NETWORKS WITH WIRELESS CHARGING STATIONS
In this section, we design a two-dimensional Markov chain in which the horizontal and vertical state dimensions represent the residual energy and the distance to the nearest WCS, respectively.
We first outline our Markov chain design, and then derive its steady state probabilities to determine the active probability P on in (5).
A. Two-Dimensional Markov Chain
The state space of our two-dimensional Markov chain Ψ is given as follows:
where parameter e is the number of remaining units of energy, and d is a discrete number indicating the distance to the nearest WCS according to the following rule.
The variable M in (7) is interpreted as the resolution of this Markov chain, where a larger M can express the movement pattern of a node more precisely. The variable d is thus defined as the relative distance, where a physical distance is normalized by node speed v. 
PT PT • An upward or downward state transition arises when the relative distance to the nearest WCS d of (7) decreases or increases, respectively. The value P i,j denotes the probability that the relative distance d changes from i to j.
Our mobility model follows a time-invariant Markovian process in which the transition probabilities are constant regardless of time slot t, and we omit the index t when expressing P i,j . The exact form and derivation process of P i,j are summarized in Appendix A. All P i,j are constant independent of their residual energy status because a node moves regardless of the locations of the others and WCSs, which respectively influence energy consumption and provision.
• A leftward state transition arises when the node transmits a packet to one of its neighbor nodes. We let p t denote the probability that an active node can transmit its packet:
The detailed derivation is in Appendix B. Regardless of the relative distance d of (7), the transmission probability p t is constant.
• A rightward state transition arises when the node is recharged by a WCS. This event only occurs when the node is in the charging region of WCS and is only marked on the lowest state transition (d = 0). Recall that each WCS can charge up to u nodes in a given time slot. We define p c as the probability that the node becomes one of u selected nodes:
where We let β(i) denote the probability that a node receives i units of energy as follows:
A node in the charging region thus receives i units of energy with probability p c β(i).
B. Steady-State Probabilities and Throughput
We let π e,d denote the steady-state probability when the residual energy is e and the relative distance is d. Then, we create the following steady-state vector, π:
The vector π (11) is partitioned according to the number of remaining units of energy:
In order to derive π, we use the following balance equation:
where 1 is the column vector where every entity is one, and Q is the generating matrix of the corresponding Markov chain:
The sub-matrices B 0 , A 0 , A 1 , A 2 and A 3 of Q are expressed as follows:
After solving the balance equation (14), we acquire the active probability P on as follows:
With (5), the throughput Λ is 
IV. PERFORMANCE EVALUATION OF ENERGY-CONSTRAINED MOBILE NETWORKS WITH WIRELESS CHARGING STATIONS
A. Inter-Meeting Time and Throughput
In this subsection, we explain how node speed v affects throughput Λ by means of intermeeting time defined as follows.
Definition 2. (Inter-meeting time)
Assume that node i and WCS j are in the network. The intermeeting time T I is the interval between adjacent meeting events between node i and WCS j.
where Z t is an indicator to determine whether node i is in the charging region of WCS j at
The inter-meeting time T I is interpreted as an energy-starving period in the sense that a node has no opportunity to recharge its battery between two adjacent meeting events. The stochastic features of T I are thus related to an energy provisioning process. Let P denote an M × M matrix in which the elements represent the transition probability
From P of (19), we derive the stochastic distribution of inter-meeting time T I in the following proposition.
Proposition 1. The complementary cumulative distribution function (CCDF) of the inter-meeting
where λ i is the i th eigenvalue of Proof. See Appendix C. The higher is the node speed v, the less frequent are lengthy inter-meeting times. A node with a higher speed can reach the charging region of the WCS within a few time slots, reducing the occurrence of lengthy inter-meeting times. A node with a higher speed can move farther from its previous location, and whether or not to encounter a WCS solely depends on the ratio of the charging region to the network area, i.e., The CCDF of T I of (21) is the sum of powered eigenvalues with the exponent t. As t becomes larger, we approximate it in terms of the largest eigenvalue λ 1 because other terms decay faster:
The eigenvalue λ 1 is called the spectral radius of matrix P (19). As the spectral radius becomes smaller, the approximated CCDF (22) decreases more sharply especially when t is large. This indicates that lengthy inter-meeting times are infrequent when λ 1 is small. In Table I , we summarize this spectral radius λ 1 as a function of node speed v and show that λ 1 is a nonincreasing function of node speed v. Consequently, a higher node speed decreases spectral radius λ 1 and produces fewer occurrences of lengthy inter-meeting times.
The above feature of the inter-meeting time affects the energy provision process. reduction in energy-starving period and improvement of throughput.
B. Battery Capacity and Throughput
Consider a slow-moving node with a rather longer sojourn time, the duration a node remains in the charging region. The node can receive energy continuously from the associated WCS.
Nevertheless, the node is unable to save more than L units of energy due to the battery capacity constraint. In other words, the node can remain active longer if the battery capacity were to be increased. We start with the following proposition.
Proposition 2. When the battery capacity L becomes infinite, the throughput of an energyconstrained network Λ is
which is independent of node speed v.
Proof. See Appendix D. remains in an active state and achieves the throughput in Proposition 2. We calculate the mean of the inter-meeting time E[T I ] utilizing Equation (22) and the spectral radius λ 1 in Table I .
When the battery capacity L is no less than E[T I ], the throughput Λ becomes the same as that in Proposition 2 (23) . For example, when node speed v is 0.5 or 1.5 (meter/time slot), its spectral radius λ 1 is 0.9985 or 0.9903 (see Table I ) and its corresponding E[T I ] becomes 666.67 or 103.09, respectively. As a result, a battery capacity larger than E[T I ] is a necessary condition to achieve Proposition 2.
C. Node Density and Throughput
Since the seminal work by Grossglauser and Tse [17] , investigating the relationship between throughput Λ and node density n has been the most fundamental issue with mobile networks; therefore yet the impact of irregular energy provision due to low node speed has not been studied. In this subsection, we investigate this effect through some numerical evaluations and the following throughput scaling law.
Proposition 3. The scaling law of the throughput Λ is:
where 0 < e
(1−q) .
Proof. See Appendix E. installing WCSs. In order to achieve the constant throughput of Θ(1) as in [17] , for example, Θ(n) WCSs is required regardless of node speed.
Note that the scaling law in Proposition 3 (25) is the same as that of the i.i.d. mobility model in [15] . Figure 5 shows that the throughput Λ always converges to that of the i.i.d. mobility model as the number of nodes n increases. This implies that a high node density makes nodes look as if they are moving at a fast speed in the sense that the i.i.d. mobility model allows a node to increase moving speed v up to the network size. When calculating the throughput of a dense mobile network with WPT, it is a reasonable assumption that nodes move according to the i.i.d. mobility model.
V. CONCLUDING REMARKS
In this paper, we determined the impact of node speed on the throughput of an energyconstrained mobile network where WPT-enabled apparatuses, known as WCSs, are deployed and recharge nodes within their charging regions. There are two distinct energy provision patterns according to node speed difference. A slow-moving node outside a WCS's charging region waits a long time for energy supply from WCSs, whereas one inside the charging region recharges its battery consistently. On the other hand, a fast-moving node enables energy to be delivered from a WCS within a short interval. Such a node receives energy in a regular manner, contrary to the slow-moving node. The analytic and numerical results showed that this distinct energyprovisioning process yields a throughput difference between slow-and fast-moving users when the battery capacity is finite and the network is sparse. On the other hand, if the battery capacity of a node is large enough to save sufficient energy from WCSs or the network becomes denser, the difference between the two sets of results disappears. These findings provide some guidelines for mobile network architectures with WPT such as IoT. First, the charging opportunity of each node should be prioritized according to moving speed. Once a slow-moving node leaves a charging region, it will require a long amount of time until it visits the charging region again, and a WCS should recharge its battery until it is full. On the other hand, a fast-moving node does not need to charge its battery preferentially because it can re-enter the charging region within a short interval. Second, installing WCSs in sparse regions with high mobility, such as motorways, is an efficient energy-provisioning strategy. By exploiting the fast moving speed of vehicles, these WCSs deliver energy to mobile nodes in a regular pattern. In dense regions, on the other hand, the distinct energy provisioning coming from the node speed difference disappears and only the ratio of density between nodes and WCSs determines the throughput performance.
A weakness of this study is the simple mobility model where each node moves without preference. In a real network, on the other hand, users are likely to visit some popular places frequently, resulting in an energy supply shortage due to the relatively high node density in the area. Further work should therefore involve user preference and verify its impact on throughput.
Another extension of this work is to inform users of the locations of WCSs. This attracts users with low residual energy to a charging region, providing energy in an efficient manner. Moreover, considering the economic aspect of WCSs is another interesting avenue for future research.
APPENDIX A
Derivation of the Transition Probability P i,j (8) Let D t denote the distance between a node and a WCS at time t. Given D t = x 1 , the probability that D t+1 is smaller than or equal to x 2 is
From the conditional probability (26), we derive the joint cumulative distribution function (CDF) that D t is smaller than or equal to x 1 , and D t+1 is smaller than or equal to x 1 :
Using (27), we calculate the following joint probability:
By inserting the boundary values of the i and j states in (7) into x 1 , x 2 , x 3 and x 4 in (28), we can derive the joint probability α i,j that relative distances d (7) at time slot t and t + 1 are i and j, respectively. In order to calculate α 0,1 , for example, we set x 1 = 0, x 2 = R 1 , x 3 = R 1 and
Define A a,b as the joint CCDF that the relative distances d at time t and t + 1 are equal to or larger than a and b, respectively, given that the number of WCSs m is one. We express A a,b in terms of α i,j .
According to A a,b , we derive P i,j as follows:
Otherwise.
• If 0 < i < M ,
• If i = M ,
Derivation of the Charging Probability p c (10) Given that there are i WCSs within R 1 from a node, the probability that the node is charged by one of the WCSs p c (i) is
where f (n; k, p) is the probability density function of the binomial distribution with parameters n, k and p, and 20 The probability that there are i WCSs within R 1 from a node is f i; m,
. Therefore, the charging probability probability p c is
The denominator of (32) represents the probability that the node is in one of the WCS's charging regions. After substituting (30) into (32), the charging probability p c becomes
From the binomial theorem,
After inserting (31) into (33), we complete the proof.
Derivation of the Transmission Probability p t (9) Assume that a node is active. The node consumes one unit of energy when its mode is that of a transmitter, and there is at least one receiver within r:
APPENDIX C
Proof of Proposition 1
According to [19] , the CCDF of T I is
Therefore, P t−1 is
where 
According to [20] , every eigenvalue of an irreducible substochastic matrix is less than 1. Matrix P (19) is a substochastic matrix because every row sum is 1 except the first one due to a strictly positive transition probability P 1,0 . Consequently, λ i is smaller than one for every i.
APPENDIX D
Proof of Proposition 2
As the battery capacity L approaches infinity, this Markov process (15) becomes a batch Markovian arrival process (BMAP). The stochastic process of the BMAP can be described using the mean steady-state arrival rateλ. In [21] , the authors explain how to deriveλ. First, an infinite generator D is calculated as follows:
Let φ k denote the steady-state probability that the relative distance d is k. We make the following row vector φ:
It can be obtained by solving the following equations:
We determine φ k as follows:
From (39), we derive the mean steady-state arrival rateλ:
Ifλ < p t , the active probability P on is
Otherwise, P on = 1. After inserting (40) into (5), we obtain Proposition 2 of (23).
APPENDIX E
Proof of Proposition 3
For the first step, we determine ratio pc pt as n increases:
We already proved the upper bound according to Proposition 2 (23) as follows:
In order to derive the lower bound, assume that each WCS delivers up to one unit of energy to a node in a time slot (E = 1). Since the submatrix A 3 in the generating matrix Q (15) is a null matrix, the Markov process becomes a finite quasi-birth-death process (QBD). In [22] , the authors show that the steady-state probability vector π k (13) of a finite QBD process can be expressed in a matrix geometric form:
Here, matrices R 1 and R 2 are
where η is the spectral radius of R 1 , and G is a square matrix in which every element of the first column is one and the others are zero. Detailed derivations of R 1 and R 2 are in [23] . Row vectors v 1 and v 2 satisfy the following conditions:
The boundary condition (46) is derived by inserting (43) into the first and last columns of the balance equation (14), and Condition (47) means that the sum of the entire steady-state probabilities is 1.
From Equation (43), the active probability P on (16) is rewritten as follows:
Since the active probability P on is a non-decreasing function of the battery capacity L, we make 24 the following inequality condition:
According to (46), we express v 1 as follows:
Note that all row sums of R 2 B 0 +A 0 and B 0 +R 1 A 0 are zero due to the property of the Markov chain. Each column in the inverse of these matrices has identical elements. Considering this fact, the first column of (R 2 B 0 +A 0 )(B 0 +R 1 A 0 ) −1 is null, and the first element of v 1 should be zero regardless of v 2 . Moreover, every element in matrix R 1 is zero except for the first row.
Therefore, v 1 R 1 becomes zero, and the above inequality (49) reduces
From Conditions (46) and (47), we respectively make the following relations between v 1 and v 2 :
After inserting (52) into (53), we derive v 2 as follows:
In order to approximate v 2 (54), we apply the Neumann series [24] . Consider two matrices A and X. A is said to be a near invertible matrix X if the following condition is satisfied.
Then, the inverse of the matrix A is approximated as follows:
Through numerical evaluations of (55), we verify that −p t B 0 −1 is the near invertible matrix I−p t B 0 −1 . According to (56), we rewrite v 2 as follows:
We insert (57) into the inequality (51):
We derive the lower bound of the throughput Λ as 
